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Abstract. Neutrinos have an important role for energy loss process during advanced evolution
of massive stars. Although the luminosity and average energy of neutrinos during the Si burning
are much smaller than those of supernova neutrinos, these neutrinos are expected to be detected
by the liquid scintillation neutrino detector KamLAND if a supernova explosion occurs at the
distance of ∼100 parsec. We investigate the neutrino emission from massive stars during
advanced evolution. We calculate the evolution of the energy spectra of neutrinos produced
through electron-positron pair-annihilation in the supernova progenitors with the initial mass
of 12, 15, and 20M⊙ during the Si burning and core-collapse stages. The neutrino emission rate
increases from ∼ 1050 s−1 to ∼ 1052 s−1. The average energy of electron-antineutrinos is about
1.25 MeV during the Si burning and gradually increases until the core-collapse. For one week
before the supernova explosion, the KamLAND detector is expected to observe 12–24 and 6–13
ν¯e events in the normal and inverted mass hierarchies, respectively, if a supernova explosion of a
12–20 M⊙ star occurs at the distance of 200 parsec, corresponding to the distance to Betelgeuse.
Observations of neutrinos from SN progenitors have a possibility to constrain the core structure
and the evolution just before the core collapse of massive stars.
1. Introduction
Supernova (SN) explosion is a final event of massive star evolution. From C-burning, the
energy generated by nuclear burning in massive stars is mainly carried out by neutrinos. The
neutrino luminosity becomes larger and the evolution time scale becomes shorter as the evolution
proceeds. The neutrino luminosity becomes ∼ 1047 erg s−1 during the Si burning. Although
this luminosity value is still much smaller than that of SN neutrinos (Lν ∼ 10
53 erg s−1), the
current neutrino detectors are expected to detect these neutrinos if a SN explosion occurs at a
distance of ∼100 parsec from the earth. One candidate is Betelgeuse, a red supergiant with the
initial mass of 15− 18M⊙. The distance to the star is 197 ± 45 parsec [1].
In order to predict the neutrino events from a SN progenitor before the SN explosion,
one needs to evaluate neutrino spectra during the advanced evolution of massive stars. The
spectra of neutrinos produced through pair neutrino process [2, 3] and plasma neutrinos [4]
for typical temperatures and densities in burning processes, and weak interactions in iron core
[5] has been evaluated. Neutrino events of a 15 M⊙ SN progenitor by the current and future
neutrino detectors were also investigated [6]. Properties of the neutrinos from a progenitor of
an electron-capture SN are compared to those of progenitors of normal core-collapse SNe [7].
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Table 1. Properties of stellar evolution models. The masses are shown in the unit of the solar
mass (M⊙).
Minit Mfin MCO MFe tSi−b (days) tcol (hours)
12 10.6 1.82 1.28 8.6 30.0
15 12.3 2.74 1.49 4.4 21.4
20 14.3 4.64 1.44 1.1 10.4
The detectability of the neutrino events from SN progenitors by the liquid scintillator detector
KamLAND was discussed [8]. They expected that KamLAND can detect neutrino events of a
25 M⊙ SN progenitor at a distance less than 660 parsec.
In this study, we investigate the time evolution of the spectra of neutrinos emitted through
pair neutrino process from SN progenitors during the stages from the Si burning to the core-
collapse. We evaluate the neutrino events of SN progenitors with the initial mass of 12, 15, and
20 M⊙ by KamLAND.
2. Calculation method
2.1. Stellar evolution model
We calculate the evolution of massive stars with the initial massMinit of 12, 15, and 20 M⊙ from
the H-burning to the time when the central temperature reaches TC = 6.5× 10
9 K. We use the
stellar evolution code in [9] with the extended nuclear reaction network consisting of 300 species
of nuclei. Table 1 shows the final mass Mfin, CO core mass MCO and Fe core mass MFe at the
final step, the interval from the ignition of the core Si burning to the last step tSi−b, and the
interval from the end of the core Si burning to the last step tcol. Here we define the ignition of
the core Si burning when the stellar center becomes convective. The end of the core Si burning
is defined as the time when the central convection turns off.
In these models, the final mass and CO-core mass correlate with the initial stellar mass but
the Fe-core mass is not. The period of the Si burning is a half day (20 M⊙ model) to one week
(12 M⊙ model). The period also depends on the stellar mass. After the central Si exhaustion,
the formed Fe core collapses within about one day.
2.2. Evaluation of neutrino spectra
During advanced stages of massive star evolution, a main neutrino emission process is electron-
positron pair annihilation (pair neutrino process) (e.g., [7]). This process emits neutrinos
and antineutrinos with all flavors. On the other hand, electron capture of Fe-peak elements
dominates the neutrino emission in the collapsing stage. However, this process emits mainly
only electron neutrinos and, thus, the detectability by the current neutrino detectors such as
Super-Kamiokande and KamLAND is expected to be smaller than that of electron antineutrinos.
Here, we calculate the spectra of neutrinos and antineutrinos emitted by pair neutrino process.
We calculate the neutrino spectra using the formulation of the reaction rate of pair neutrino
process in [10]. The integration of electron and positron distribution functions in the momentum
space is performed with Monte Carlo simulation. We construct a table of neutrino spectra as a
function of the temperature and the electron number density. When we evaluate the neutrino
spectra of a star at each time step, first we calculate the spectra in the unit mass of each mass
coordinate having the values of the temperature and electron number density with interpolating
the values in the table. Then, we deduce the neutrino spectra of the step by integrating the
spectra in the mass coordinate.
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Figure 1. Panels (a) and (b) show the mass fraction distribution and the neutrino energy
spectra of the 15 M⊙ model in the core Si burning, respectively. Panels (c) and (d) show those
at the last step. In panels (a) and (c), red, black, skyblue, blue, purple, green, and orange lines
indicate the mass fractions of 1H, 4He, 12C, 16O, 20Ne, “Si”, and “Fe”. In panels (b) and (d),
red solid, orange dashed, blue solid, and skyblue dashed lines indicate the spectra of νe, ν¯e, νµ,τ ,
and ν¯µ,τ . The green vertical lines indicate the threshold neutrino energy of KamLAND.
3. Results
3.1. Neutrino emission from a 15 M⊙ SN progenitor
We will show the spectra of neutrinos emitted by pair neutrino process during the core Si burning
and at the last step of the calculation of the 15 M⊙ SN progenitor. Four panels of Fig. 1 show
the mass fraction distribution of the central region and the neutrino spectra. Panel (a) indicates
the mass fraction distribution at 1.15 days before the last step. The star is in the core Si burning
stage. The central temperature and density are TC = 3.6 × 10
9 K and ρC = 5.2 × 10
7 g cm−3.
The mass fractions of the intermediate elements from Si to Sc, denoted by “Si”, and heavier Fe-
peak elements, denoted by “Fe”, are 0.14 and 0.86, respectively, at the center. The intermediate
elements such as Si and S burn into Fe-peak elements in the central core and the Fe-rich core
grows up. On the Fe core, Si/O, O/Si, O/Ne, O/C, C/O, and He/C layers are surrounded.
Panel (b) indicates the neutrino spectra during the core Si burning. The neutrino emission
rate during the Si burning is the order of 1050 s−1. The emission rate gradually increases in the
burning stage. The average ν¯e energy is 1.25 MeV. This energy is smaller than 1.8 MeV, the
threshold energy of ν¯e + p→ n+ e
+, so that only a part of high energy tail will be detected by
neutrino detectors. The spectra of νe and νx are slightly larger than ν¯e and ν¯µ,τ , respectively.
This is because electrons generally have higher energy distribution than positrons in the stellar
interior and the forward emission of neutrinos (not antineutrinos) against electrons is favored
[11]. Neutrinos are mainly produced in the central region.
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Figure 2. Integrated neutrino events from a given time to the last step of the stellar evolution
calculation. Left and right panels correspond to the normal and inverted mass hierarchies,
respectively. Solid lines are the case where the neutrino oscillation is taken into account and
dotted lines are the case where it is not. The green, red, and blue lines indicate the neutrino
events of the 12, 15, and 20 M⊙ models.
At the last step, the temperature and density increase to 6.5 × 109 K and 3.0 × 109 g cm−3
(panels (c) and (d)). The Fe-core mass becomes 1.49 M⊙. The neutrino emission rate increases
to ∼1052 s−1. The peak energy of each neutrino spectrum becomes close to the threshold energy.
The average ν¯e energy is 1.94 MeV. Neutrinos are mainly emitted from the outer region of Fe
core (Mr ∼ 1–1.2 M⊙). The neutrino emission from the central region is subdominant because
the central density becomes high and the effect of electron degeneracy appears.
3.2. Neutrino events by KamLAND
KamLAND is a 1 kiloton liquid scintillation neutrino detector [12]. If a SN explosion occurs,
electron antineutrinos will be detected through ν¯e + p → n + e
+ by KamLAND. After this
neutrino reaction, the 2.2 MeV γ-rays emitted by the following reaction n + p → d + γ will be
detected. Thus, KamLAND detects neutrinos with the threshold energy of 1.8 MeV. Owing to
this low energy threshold, KamLAND is expected to make it possible to detect neutrinos from
the progenitors of nearby SNe.
We evaluate the neutrino events of the SN progenitors of 12, 15, and 20 M⊙ by KamLAND.
We assume that the distance to a SN is 200 parsec, corresponding to the distance to Betelgeuse.
The proton number of the KamLAND detector is set to be 5.98 × 1031 [12]. For simplicity, we
do not consider the detection efficiency and the energy resolution. We adopt the cross section
of the neutrino reaction ν¯e + p → n + e
+ in [13]. Neutrinos change their flavors by the MSW
effect while they leave the star. We assume that the transition probability of ν¯e → ν¯e is 0.68
and 0.02 in the normal and inverted mass hierarchies, respectively.
Figure 2 shows the integrated neutrino events from a given time to the last step of the
stellar evolution. This figure is an indicator of neutrino events observed before a SN explosion.
For example, we will observe 13 and 17 neutrino events for one and three days before the SN
explosion of the 15 M⊙ model in the normal mass hierarchy. In the normal mass hierarchy,
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the evaluated ν¯e events for one week before the explosion are 12, 18, and 24 for 12, 15, and 20
M⊙ models, respectively. The expected ν¯e event number is larger for more massive model. In
addition, the increase in the neutrino event becomes steeper just before the end of the evolution.
This relates to shorter period of the Si burning for more massive star. In the inverted mass
hierarchy, the evaluated events for one week are 6, 9, and 13 for 12, 15, and 20 M⊙ models.
Since the emission rate of ν¯e is larger than ν¯µ,τ and the transition probability of ν¯e to ν¯e in
the normal mass hierarchy is larger than the inverted mass hierarchy, the number of the ν¯e
events in the normal mass hierarchy is larger. The event number and the detection time scale of
neutrinos from a SN progenitor depend on the progenitor mass. The neutrino observations of SN
progenitors will provide constraints to the initial mass and the core mass of the SN progenitors.
We see less steep locations in about 0.7 day to the last step in the 12 and 15 M⊙ models.
At this time, the core Si burning has finished and the O-shell burning ignites. The dominant
neutrino emission region changes from the center to the location of the O/Si-layer. Furthermore,
the central temperature decreases. Since the temperature of the O/Si-layer is lower than the
central temperature, the average neutrino energy decreases. The small average energy reduces
the neutrino reaction rate and, thus, the detection rate of ν¯e by KamLAND decreases. The
decrease in the neutrino event rate relates to the change of the burning processes in the central
region during the collapsing stage of massive stars. In practice, it will be difficult to find such
a time variation of the neutrino event rate from the expected small events. However, we may
observe the change of burning processes in the central region of SN progenitors with neutrino
signals using a larger-size neutrino detector in future.
4. Summary
We investigated the evolution of the neutrino spectra from the Si burning to the core-collapse
stage of the SN progenitors with the initial mass of 12, 15, and 20 M⊙. The neutrino emission
rate and the average ν¯e energy are the order of 10
50 s−1 and ∼1.2 MeV, respectively, during the
Si burning and increase to the core-collapse. If a SN explosion of a 12–20 M⊙ star occurs at
the distance of 200 parsec, the neutrino event number detected by KamLAND during the last
one week before the core-collapse is expected to be 12–24 and 6–13 in the normal and inverted
mass hierarchy. The observations of the number and time scale of the neutrino events from SN
progenitors will constrain the core structure and evolution of SN progenitors.
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